housing of susceptible animals during periods of peak vector activity) can be targeted more effectively. This approach would be particularly valuable considering the present BT situation in the Mediterranean.
Climate is a major factor governing the distribution of C. imicola (29) . For example, evidence suggests that the northern limit of C. imicola in Iberia may be determined by low temperature (5) . Where temperatures are favourable, precipitation may influence distribution through an impact on the availability of breeding sites. Culicoides imicola breeds in wet, organically enriched soil or mud (10, 11, 22, 53, 54) , and in Africa, tends to occur in regions with an annual rainfall of 300-700 mm (27) , although other factors (e.g. irrigation and spillage from animal drinking troughs) may also be involved. Therefore, to establish the areas in which C. imicola could occur, a possible approach is to identify the most significant climatic determinants of the current distribution in Europe and from these, to derive 'expected' distributions for other parts of Europe. These 'expected' distributions could then be used to target field surveys to search for C. imicola in advance of disease outbreaks.
This study was therefore performed to identify the most important climatic factors influencing the distribution of C. imicola, using published data on the presence and absence of C. imicola in Iberia (46) , together with climate data from this region (1) . The derived climatic model can then be used to identify other areas of Europe with similar climates, presumed to be suitable for the occurrence of C. imicola. In addition, with a 2°C rise in the global mean temperature expected to occur during the next 100 years as a result of global climate change (20) , the range of C. imicola in Europe could be extended even further (e.g. a 2°C increase in the mean annual temperature corresponds to a northward shift of approximately 200 km) (19) . This increase in temperature can then be incorporated into the model, to investigate how climate change may affect the distributional range of C. imicola in Europe.
Methods
Climate data for sites in Iberia were based on the average values for the period 1931-1960 (1) . These values were used because the data for different countries are directly comparable. This contrasts with the information available for the more recent period, 1961-1990 (2) , where, for example, temperature variables such as the minimum of the monthly minima and maximum of the monthly maxima are available for several countries, but not for Spain.
Thirty sites in Iberia occurred within regions for which information is available about the occurrence of C. imicola (46) . Culicoides imicola was classed as present at sixteen sites and was absent from fourteen sites (Fig. 1) . 
Fig. 1 Sites included in the logistic regression analysis of the distribution of Culicoides imicola in Iberia
The presence or absence of C. imicola at the sites was determined from published data (46) 
Climatic variables
Temperature variables for the thirty sites used in the analysis included the following: -minimum of the monthly minima -minimum of the monthly means -mean of the monthly means -maximum of the monthly means -maximum of the monthly maxima -number of months per year with a mean temperature ≥ 10.5°C
-number of months per year with a maximum temperature ≥ 12.5°C
-number of months per year with a mean temperature ≥ 12.5°C.
The number of months per year with a mean temperature ≥ 10.5°C was included as an indicator of whether immature development could occur at the sites. Thus, although the minimum temperature for development of C. imicola is not known, the developmental threshold temperature for a laboratory colony of C. sonorensis (formerly C. variipennis sonorensis) (18) , a species from North America which breeds in similar habitats to C. imicola, is ≈ 10.5°C (56) . The number of months per year with a maximum temperature ≥ 12.5°C was included because adult C. imicola can only survive the winter in areas where the average daily maximum temperature during the coldest month of the year (i.e. minimum of the monthly maximum temperatures) is ≥ 12.5°C (50) . However, while adults may survive when the maximum temperature during the coldest month is ≥ 12.5°C, activity of these individuals will be limited. Consequently, the number of months per year with a mean temperature ≥ 12.5°C was also considered.
The annual daily mean saturation deficit, a measure of the drying power of air based on both air temperature and relative humidity, was also included for each site. This was determined by averaging the annual daily maximum and minimum saturation deficits. Making the assumption that maximum temperatures coincide with minimum relative humidities, and vice versa, the annual daily maximum saturation deficit was calculated from the annual average daily maximum temperature and the annual average daily minimum relative humidity, while the annual daily minimum saturation deficit was calculated from the annual average daily minimum temperature and the annual average daily maximum relative humidity.
The total annual rainfall and altitude for each site were also included in the analysis.
Analysis
Logistic regression, using the software 'Glim 3.77', was employed to determine which climatic variables were most important in distinguishing between sites where C. imicola is present and absent. The derived model was then used to calculate the probability of occurrence (values ranging from 0 to 1) of C. imicola at each of the thirty sites. Culicoides imicola was classed as present at sites with a probability of occurrence value of ≥ 0.5 and absent from sites with a value < 0.5. The predicted presence or absence of C. imicola at each site was compared with the published data (46) (Fig. 1) , to assess the accuracy of the model. The model was then applied to additional sites in Iberia for which no information is available regarding the occurrence of C. imicola, and was also used to assess the suitability of other sites in southern Europe. Climate data from these sites required for the model predictions were obtained from published records (1) . To simulate climate change, the temperature values were increased by 2°C and the model was then reapplied to the sites in Europe.
Results
Mean values for the climatic variables at the thirty sites in Iberia used to produce the logistic regression model are presented in Table II . Three climatic variables, namely: minimum of the monthly minimum temperatures, maximum of the monthly maximum temperatures and the number of months per year with a mean temperature ≥ 12.5°C, were significant in distinguishing between sites where C. imicola is present and absent (Table II) .
The logistic regression model for Iberia, based on these variables is as follows:
where a is the minimum of the monthly minimum temperatures, b is the maximum of the monthly maximum temperatures, c is the number of months per year with a mean temperature ≥ 12.5°C and y is the logit transformation of the probability of occurrence of C. imicola (p) (Eq. 1). The probability of occurrence of C. imicola can then be calculated using Equation 2 (13). 
The model correctly predicted the presence or absence of C. imicola at twenty-five of the thirty sites (83%) in Iberia. However, C. imicola was incorrectly predicted as present at three sites (10%) in eastern Spain (Granada, Almeria and Alicante) and incorrectly predicted as absent at two sites (7%) in Portugal (Braganca and Coimbra).
The suitability of sites in Europe for the occurrence of C. imicola, based on the model established for Iberia, is shown in Figure 2 . In addition to southern Iberia, there is a high probability that C. imicola could occur in the Balearics, Sardinia, Sicily and parts of southern Italy. Parts of central Greece would also be favourable, although the probability of C. imicola occurring in areas of northern Greece or the Peloponnese is lower. The analysis also revealed a high probability that parts of the eastern Adriatic Sea coastline, ranging from Albania to Croatia, would be favourable for C. imicola.
A 2°C increase in temperature would extend the areas of Europe favourable for C. imicola (Fig. 3) . For example, the likelihood of C. imicola occurring in sites on the east coast of Spain, the south coast of France and Corsica will greatly increase. The probability is also high that the majority of sites in southern Italy, extending into Tuscany and Liguria, will become suitable. The likelihood of C. imicola occurring in northern Greece will increase and more sites along the coastline of the eastern Adriatic Sea will have suitable climates for C. imicola. In addition, the suitability of sites in European Turkey and eastern Bulgaria will greatly increase. For example, at Edirne in Turkey (Fig. 3, labelled site A) , the probability of occurrence of C. imicola increases from only 0.07 under current conditions to 0.45 after a 2°C increase in temperature.
Although annual rainfall was not significant in distinguishing between locations in which C. imicola is present and absent in Iberia (Table II) , this may be an important determinant of the distribution of C. imicola in other parts of Europe. Annual rainfall is similar at sites where C. imicola is both present and absent in Iberia and is generally within the favourable range of 300 mm-700 mm per year, although C. imicola also occurs at some sites with an annual rainfall of 701 mm-1,000 mm (e.g. Braganca, Castelo Branco, Coimbra and Lisbon) (Fig. 4) .
Culicoides imicola pupae drown when breeding sites are flooded (31) , and hence sites with an annual rainfall of > 1,000 mm are likely to be unsuitable (unless drainage of the soil is very rapid). Thus, while rainfall is not a limiting factor in Iberia, several sites along the coastline of the eastern Adriatic Sea, predicted by the model (on the basis of temperature) as suitable for the occurrence of C. imicola, may in fact be too wet (e.g. Mostar, Podgorica and Gjirokaster) (Fig. 4 , labelled sites A-C). Furthermore, global mean precipitation is expected to increase as a result of temperature changes (20) , which could result in additional sites becoming unsuitable for the occurrence of C. imicola. 
Discussion
The distribution of C. imicola in Iberia appears to be limited by temperature. The minimum of the monthly minimum temperatures, the maximum of the monthly maximum temperatures and the number of months per year with a mean temperature ≥ 12.5°C were significant determinants of the distribution of C. imicola. The model based on these temperature variables displayed a high degree of accuracy in predicting the occurrence of C. imicola in Iberia.
Although the analysis identified the major environmental constraints affecting the distribution of C. imicola in Iberia, the small percentage of sites for which presence or absence was incorrectly predicted, suggests that additional parameters may be involved. For example, factors such as wind speed (which affects activity and mortality of adult C. imicola) (4, 6, 53), soil type (which influences breeding site quality) (25, 26) , presence of hosts, interactions with competitors and natural enemies (14) , and species dispersal (which can allow populations to persist in sub-optimal conditions) (14) were not included in the analysis, but may be important determinants of distribution. In addition, the accuracy of the model may have been improved by incorporating satellite-derived climatic variables in the analysis, such as land surface temperature (a correlate of temperature on the surface of the earth) (45) and normalised difference vegetation index (a measure of photosynthetic activity strongly correlated with soil moisture) (17, 30) . These variables have been used to model the distribution of C. imicola in South Africa (7).
However, the sites at which occurrence of C. imicola was apparently incorrectly predicted provide a useful insight into the possible future spread of C. imicola. Thus, the range of C. imicola could expand into south-eastern Spain (e.g. Granada, Almeria and Alicante). This region has previously been identified as suitable for the invasion of C. imicola (5, 47) and further, more intensive sampling in this area may reveal the presence of the species. However, in some areas of southeastern Spain where temperatures appear suitable, the conditions may be less favourable for C. imicola, as other factors, such as rainfall may prove to be important (e.g. the annual rainfall in Almeria is < 300 mm).
The impact of temperature on distribution was not unexpected, as the northern limits of the global distribution of C. imicola are found in Iberia. The analysis indicates that the presence of C. imicola is favoured by relatively high summer temperatures (Table II) , which will influence population growth rates, combined with mild winter temperatures (Table II) , which will influence the overwintering success of immature and adult midges. In addition, the number of months per year with a mean temperature ≥ 12.5°C provides a further indicator of the likelihood of population growth and persistence at a site.
The application of the model based on Iberia to other countries of Europe has provided useful insight into identifying the locations in which C. imicola could occur. In Greece, not only does the model correctly predict that C. imicola could occur in some of the areas where it has already recently been found (e.g. Thessaloniki, Larisa, Chios, Lesbos and Samos), but occurrence is also predicted in areas further south in mainland Greece and on the islands of Andros, Corfu, Crete, Limnos, Naxos and Zakynthos. Further sampling in Greece may reveal that C. imicola is already present in some of these suitable areas. However, local topography may prevent C. imicola from easily invading some of these sites. For example, a potential route of introduction of C. imicola to Corfu and Zakynthos requires an initial extension of range from eastern to western Greece. However, such changes in distribution could be hindered by the Pindos Mountains in Central Greece, which have peaks of up to approximately 2,600 m (although Culicoides species have occasionally been trapped at heights of 4 km). In addition, the model predicts that the risk of C. imicola occurring in the north-east of the country is lower, which is consistent with the field data from this area (33).
The Iberia-based model also predicts that Sardinia, Sicily and parts of southern Italy would be suitable for C. imicola. Recent field surveys have shown that C. imicola already occurs in Sardinia, Sicily and Calabria (M. Goffredo, personal communication) and further sampling could reveal the presence of the species over even greater areas of southern Italy.
The model also indicates that parts of the coastal regions of Albania, Yugoslavia, Bosnia and Croatia may be favourable for C. imicola. However, the presence of C. imicola in these areas is likely to be dependent on initial spread into either western Greece, from which location the species could migrate north, or eastern Italy, from which location adult midges could be blown across the Adriatic Sea (adult Culicoides can be carried by the wind for long distances) (49) . However, even if C. imicola did reach these areas, permanent populations may fail to become established at some sites (e.g. Gjirokaster, Podgorica and Mostar) due to high rainfall (i.e. > 1,000 mm rain/year).
In Corsica, large numbers of C. imicola have recently been detected (October 2000) in the southern tip of the island and at one site on the central east coast (39) . However, C. imicola was not found at trap sites in northern or western Corsica (39) . The model predicts that the chances of C. imicola occurring at Ajaccio (Fig. 2 , labelled site A) in the west of the island are small (although not impossible). Furthermore, it is unclear whether C. imicola can establish sustainable breeding populations in Corsica or whether the invasion of C. imicola from northern Sardinia (a distance of < 15 km) each summer is necessary to maintain the populations.
If the global mean temperature were to increase by 2°C by 2100 (as predicted by many climate change scenarios) (20) , (46) and also indicated that the distribution of C. imicola could potentially expand across most of southern Europe. Culicoides imicola is the principal vector species of BTV and AHSV in Europe, and hence the identification of areas which could provide favourable conditions for these insects provides a valuable insight into the areas at risk of these economically important disease-causing pathogens. In the future, models which predict the abundance of C. imicola should also be developed, as this will provide information about the level of risk experienced at sites where C. imicola occurs. To achieve this and to improve the accuracy of model predictions for Europe, more extensive field data on the presence and abundance of C. imicola are required. The information determined in this study can be used to target field surveys, and structured sampling in parts of the Mediterranean Basin is already underway.
Uso de datos climatológicos para cartografiar la distribución potencial de Culicoides imicola (Diptera: Ceratopogonidae) en Europa
E.J. Wittmann, P.S. Mellor & M. Baylis
Resumen Aunque el área de distribución de Culicoides imicola, vector de los virus de la lengua azul y la peste equina, se circunscribe esencialmente a Asia y África, también en partes de Europa se ha observado recientemente su presencia. En primer lugar se elaboró un modelo de regresión logística basado en datos climatológicos (temperatura, déficit de saturación, pluviosidad y altitud) y en la distribución descrita de C. imicola en la Península Ibérica. Después, para determinar los lugares en que C. imicola podría llegar a establecerse, se aplicó ese modelo a otros países de Europa. Del modelo se desprendía que los principales factores determinantes de la distribución de C. imicola en la Península Ibérica eran tres variables térmicas (la más baja de las temperaturas mínimas mensuales, la más alta de las máximas mensuales y el número de meses por año con temperatura media ≥ 12,5°C). La aplicación del modelo reveló que, en las condiciones actuales, la presencia de C. imicola en España, Grecia e Italia podría extenderse, y que el vector podría llegar a invadir partes de Albania, Yugoslavia, Bosnia y Croacia. Para simular los efectos del calentamiento planetario se incrementaron en 2°C los valores térmicos utilizados en el modelo. En tales condiciones, C. imicola podría propagarse incluso a otras partes de Europa.
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